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Frequency modulation FM effect on the microwave assisted switching MAS of magnetization
has been studied by calculating the Landau–Lifshitz–Gilbert equation. Application of FM
microwave can significantly reduce the switching field compared with constant frequency wave,
mainly due to more effective microwave energy absorption by the spin system. The FM effect on the
MAS is remarkable especially for smaller Gilbert damping of 0.02. For sufficient switching
probability, the FM-MAS requires somewhat longer time of a few nanoseconds for the dc magnetic
field parallel to the easy axis. The tilt dc field can effectively reduce the switching time. © 2008
American Institute of Physics. DOI: 10.1063/1.2996573
In the field of magnetic recording, so-called trillemma
problem, that is the trade-off among signal-to-noise ratio,
thermal stability, and writability, has been an urgent issue to
be solved for future high density recording. Very recently, as
one of the possible solutions for this problem, microwave
assisted magnetic recording attracts a lot of attention.1–3
Microwave assistance during the magnetization switching
enables the significant reduction of the switching field of
the recording media via the enhanced processional motion
of magnetization driven by the absorption of microwave
energy.4–6 For application of this technique to practical mag-
netic recording, however, several crucial problems should be
addressed. First, the helicity of a circularly polarized CP-
microwave must coincide with that of the magnetization pre-
cession. Therefore the microwave helicity should be altered
depending on the polarity change of the head field with the
operation frequency of approximately gigahertz. Second, a
large amplitude of the microwave field above 1 kOe is
usually required to effectively promote the magnetization
switching.
The former problem can be solved by adopting a linearly
polarized LP- microwave instead of a CP-wave3 because
the LP-wave can be decomposed into the two CP-waves with
opposite helicities and one of them is selectively absorbed by
the spin system depending on the polarity of the head field.3
The latter one is caused by very low efficiency of microwave
energy absorption by the spin system. During the microwave
assisted switching MAS process, the microwave energy is
effectively absorbed only when the microwave frequency fac
coincides with the resonance frequency of magnetization
precession. The resonance frequency fr is roughly propor-
tional to the effective field Heff acting on the magnetization
M, where Heff is expressed as Heff=Hk+Hdc, where Hdc is
the external reverse dc field and Hk is the anisotropy field
given by Hk=2Ku /Msmz, here Ku is the uniaxial anisotropy
constant, Ms is the saturation magnetization, and mz is the
z-component of the unit magnetization vector along the easy
magnetization axis. When the magnetization reverses from
mz=−1 to 1 under the condition of Hdc2Ku /Ms, the
effective field Heff changes from negative to positive passing
through the point of Heff=0. Thus the helicity of the magne-
tization precession as well as the resonance frequency fr var-
ies depending on mz during the whole switching process.
This fact indicates that the range of mz satisfying the reso-
nance condition of fac fr is extremely limited when the mi-
crowave frequency is fixed. If this condition is somehow
satisfied over the wider mz range, the efficiency of micro-
wave energy absorption would be considerably improved. As
the ideal case where the resonance condition is always satis-
fied, the magnetization switching becomes the only attractor
in the phase space containing stable portions of the attractor
corresponding to the switching and unstable portions corre-
sponding to the radiative damping due to the interaction with
the microwave. Rivkin and Ketterson theoretically proved
that the magnetization can be switched without a dc field by
application of a nanosecond ac field pulse modulated so as to
always satisfy the resonance condition.7 However, such per-
fect matching of fac with fr is difficult to realize for practical
application. Instead, we propose the periodic frequency
modulation FM as an alternative technique for the signifi-
cant reduction of the switching field. In this paper, the effect
of FM on microwave assisted magnetization switching is in-
vestigated by the calculations based on the Landau–Lifshitz–
Gilbert LLG equation.
The LLG equation used in this study is given by
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where hac=hac0,sin t ,0 is the ac field of the microwave
linearly polarized along the y-axis,  is the Gilbert damping,
and  is the gyromagnetic ratio. The time dependent phase
t of hac is given by t=2fct+AFM sin2fct /TFM,
where fc is the average frequency, AFM and TFM are the
amplitude and the period of FM, respectively. Thus, the
time dependent frequency fact is given by fact
= 1 /2t /t. In the present study, we calculate the dy-
namics of a single spin nanomagnet with 2Ku /Ms of 20 kOe
exposed to a rectangular pulse field Hdc=Hdc0,0,1 with the
duration tdc of 1–4 ns and the ascent/descent time of 0.1 ns.
The angle of external dc field Hdc was fixed at H=0.3°.
Figure 1 demonstrates an example of the calculated
magnetization trajectory for the frequency modulated MAS
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FM-MAS. In this figure, the time variations of sin 	M and
cos M corresponding to the y and z components of M are
compared with hac, where 	M and M are the angles of mag-
netization with respect to x and z axes in the polar coordinate
system. The amplitude and the average frequency of the mi-
crowave are hac=1 kOe and fc=25 GHz, the FM amplitude
and the FM period are AFM=1 and TFM=10, respectively, and
the Gilbert damping is =0.02. The reverse dc field pulse is
set to Hdc=0.24Hsw0 and the width of tdc=1 ns, where Hsw0
is the static switching field of 19.1 kOe for H=0.3°. The
inset of Fig. 1, which is the 3D trajectory of magnetization,
clearly shows that the magnetization switches from
mz=cos M=−1 to 1 via precessional motion. The hac ex-
hibits the periodic FM waveform which consists of the high
frequency and low frequency regions. As indicated by the
shaded areas in Fig. 1, there are two regions in which the
sin 	M is synchronized with hac. Obviously, in the absence of
Hdc for t0, the sin 	M is synchronized with hac, where the
phase lag of M is  /2 with respect to hac caused by the
torque proportional to Mhac. The heavily distorted wave-
form of sin 	M in this time range can be understood as a
result of the torque acting on M driven by the linearly polar-
ized hac.
3 As the dc pulse field Hdc starts to increase at t=0,
the oscillation with the phase lag of  /2 continues until
t	0.1 ns. In the high frequency region of hac around at
t=0 ns, a broad tiny bump of cos M appears, indicating
the temporary excitation of magnetization precession. In
the successive high frequency region ranging from t
=0.35 to 0.55 ns, the sin 	M is again in synchronization with
hac, and the cos M gradually increases. The excitation of
magnetization precession becomes well developed in the
high frequency region of hac, and successively the cos M
rises in the subsequent low frequency region of hac. The
broken line in Fig. 1 indicates the value of cos M at which
the effective field Heff diminishes due to the counterbalance
between the dc field Hdc and opposite anisotropy field Hk, so
that the resonant frequency fr becomes very small around
this precession angle. Therefore, when the low frequency
region of hac as in the time range of 0.55 t0.75 ns in Fig.
1 is close to the resonance frequency fr near the Heff	0, the
magnetization precession can be successively excited. After
t
0.7 ns, the fr increases because Heff is enhanced due to
the polarity change of Hk toward Hdc, while the frequency of
hac remains low, so that no effective microwave absorption is
realized. Thus the magnetization approaches toward the posi-
tive saturation with the oscillatory motion via slow energy
dissipation. As mentioned above, the magnetization switch-
ing under the FM microwave assistance typically proceeds
by the following two steps. First, absorption of a higher fre-
quency microwave raises the magnetization M from initial
equilibrium direction mz=−1 toward the equatorial region.
As the M deviates from the easy axis, the effective field
acting on the M decreases due to reduction of the anisotropy
field, resulting in lowering the resonance frequency fr. At the
next step, the M is further effectively excited near the equa-
torial region when its fr is close to the low frequency of hac.
To survey the switching conditions for FM-MAS, we
calculate the two-dimensional 2D maps of FM-MAS as
functions of the average frequency fc and the normalized dc
field Hdc /Hsw0, respectively. Figures 2a–2d show the 2D
maps of FM-MAS for various FM amplitudes AFM. The FM
period and the exposure time of Hdc are fixed at TFM=10 and
tdc=1 ns, respectively. The thick solid lines indicate the con-
ventional ferromagnetic resonance FMR condition for hac
	0. For AFM=0 shown in Fig. 2a, that is, the conventional
MAS without frequency modulation, the switching region
expands along the FMR condition, and the minimum switch-
ing field reaches 0.6Hsw0 at 15 GHz. As the AFM increases,
the switching region significantly expands toward lower Hdc,
yielding the minimum switching field of 0.09Hsw0 at 29 GHz
for AFM=1. We note in Fig. 2 that the switching regions look
rather patchy, and this behavior is more pronounced for
FIG. 1. Color online Calculated time dependences of sin 	M and cos M
corresponding to y and z components of magnetization for the FM-MAS
compared with hac. Inset shows the 3D trajectory of magnetization motion.
The shaded areas indicate the range in which the sin 	M is synchronized
with hac. The broken line indicates the cos M corresponding to the point of
Heff=Hk+Hdc=0. The parameters used in this calculation are as follows:
hac=1 kOe, fc=25 GHz, AFM=1, TFM=10, =0.02, Hdc=0.24Hsw0, H
=0.3°, and tdc=1 ns.
FIG. 2. Color online Calculated 2D maps of the switching regions as
functions of Hdc /Hsw0 and fc. a–d show the variations on AFM for tdc
=1 ns, and e and f show the variations on tdc for AFM=1. g is that for
tilt dc field condition of H=5° with AFM=1 and tdc=1 ns. The solid lines
indicate the conventional FMR condition for hac	0. The other parameters
used in these calculations are hac=1 kOe, TFM=10, H=0.3° except for g,
and =0.02.
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larger AFM. In addition, the narrow bands of the magnetiza-
tion switching become obvious with the increase of AFM. The
patchy patterns found in FM-MAS are closely related to the
switching process. As mentioned above, the magnetization
precession is initially excited by the higher frequency micro-
wave followed by further enhancement by the lower fre-
quency wave only when both the frequencies nearly satisfy
the resonance conditions depending on mz. Therefore, phase
mismatch between the above two processes sometimes
brings about unsuccessful magnetization switching during
the limited time tdc of 1 ns in Figs. 2b–2d. Therefore,
with the increase in tdc, the probability of unsuccessful
switching can be appreciably reduced, as confirmed in Figs.
2e and 2f, which show the 2D maps for FM-MAS with
tdc=2 and 4 ns, respectively. The dc field tilt with respect to
the easy axis is also effective to improve the switching prob-
ability, as seen in Fig. 2g, where the tilt angle is H=5° and
the corresponding static switching field is Hsw0=15.3 kOe.
The narrow switching bands in Figs. 2d–2g is also deeply
related to the phase mismatch between the initial excitation
of magnetization precession in a higher frequency region and
its subsequent enhancement in a low frequency region, as
will be discussed in detail elsewhere.
Figures 3a and 3b, respectively, show the minimum
switching field Hsw and the corresponding ac frequency fc as
functions of the ac field amplitude hac. The Hsw almost de-
creases linearly with the increase of hac for both FM-MAS
and conventional MAS, while the corresponding fc increases
with hac. The open and solid marks indicate the Hsw and fc
for tdc=1 and 4 ns, respectively. Although the tdc signifi-
cantly affects the switching probability as seen in Figs.
2d–2f, the minimum Hsw and the corresponding fc seem
to be insensitive to tdc. Figures 3c and 3d show the Gil-
bert damping  dependences of the minimum Hsw and the
corresponding fc, respectively. The Hsw for the conventional
MAS gradually decreases with the decrease of  and is al-
most saturated to Hsw	0.6 for 0.06. On the other hand,
the Hsw for FM-MAS exhibits strong dependence on . For
0.02, the Hsw reaches 	0, but for 
0.2, the Hsw is
almost the same as that for the conventional MAS.
In summary, we have investigated the FM effect on mi-
crowave assisted magnetization switching. The frequency
modulated microwave drastically reduces the switching field
compared with the constant frequency wave due to the sig-
nificant enhancement of microwave energy absorption by the
spin system. However, this switching process requires some-
what longer time of a few nanoseconds. The tilt dc field can
effectively reduce the switching time. Moreover, the effect of
FM is more pronounced for the media with lower Gilbert
damping.
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FIG. 3. Color online a and b show the minimum switching field Hsw
and the corresponding fc for the condition of =0.02 as functions of hac. c
and d also show the minimum Hsw and the corresponding fc for hac
=1 kOe as functions of . Open and solid red black circles denote the
results of FM-MAS conventional MAS for tdc=1 and 4 ns, respectively.
Other parameters used in these calculations are TFM=10 and AFM=1.
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